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Abstract 
This report presents the results of a one-year project, funded by NASA’s Kennedy Space 
Center Innovation Fund in FY18, to conduct a theoretical study on the effect of the Mars 
environment on spacecraft materials. Corrosion resistance is one of the most important 
properties in selecting materials for landed spacecraft and structures that will support surface 
operations for the human exploration of Mars. Currently, the selection of materials is done by 
assuming that the corrosion behavior of a material on Mars will be the same as that on Earth. 
This is understandable since there is no data on the corrosion resistance of materials in the 
Mars environment. However, given that corrosion is defined as the degradation of a metal that 
results from its chemical interaction with the environment, it cannot be assumed that corrosion is 
going to be the same in both environments since they are significantly different. The goal of this 
research was to develop a systematic approach to understand corrosion of spacecraft materials 
on Mars by conducting a literature search of available data, relevant to corrosion in the Mars 
environment. This project was motivated by the suggestion, by a team of researchers, that 
some of the structural degradation observed on Curiosity's wheels may have been caused by 
corrosive interactions with the transient liquid brines, reported to be present on Mars, while the 
most significant damage was attributed to rock scratching. An extensive literature search, on 
data relevant to corrosion on Mars, confirmed the need to investigate the interaction between 
materials, used for spacecraft and structures designed to support long-term surface operations 
on Mars, and the Mars environment. Previous preliminary experiments, designed to look at the 
interaction between aerospace aluminum alloy (AA7075-T73) and the gases present in the Mars 
atmosphere, at 20oC and a pressure of 700 Pa, showed that there is an interaction between the 
small amount of oxygen present in the Mars gas and the alloy, when there is a scratch that 
removes the protective aluminum oxide film. Further studies are needed to consider many other 
important components of the Mars environment that can affect this interaction such as: the 
presence of brines, the interaction between these brines and materials, the effect of radiation on 
these interactions, and the possible catalytic effects of the clays present in the Martian regolith. 
This theoretical study provides strong justification to conduct experimental work to investigate 
the interaction between spacecraft materials with simulated Martian environments to reduce 
Mars exploration costs. 
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Introduction 
Metal corrosion is the deterioration of a metal or its properties caused by a reaction with its 
environment. Corrosion occurs mainly through electrochemical reactions. These are chemical 
reactions that take place when electrons are transferred from one chemical species to another 
in the presence of an electrolyte. 
 
Corrosion of a metal requires the following components and characteristics: 
 
 Anode: Where metal is lost and electrons are produced (oxidation). 
 Cathode: Where electrons are consumed (reduction). 
 Metal: Provides the path for current to flow when electrons move from the anode to the 
cathode. 
 Electrolyte: An aqueous solution in which the electrical current is carried by ions. 
Negative ions (anions) flow toward the anode and positive ions (cations) flow towards 
the cathode. 
 
Figure 1 shows an illustration of the four components and characteristics required for 
corrosion to occur. By convention, the current flows in the metal from the cathode to the anode 
(in the opposite direction to that shown for the electron flow in the figure). 
 
 
Figure 1. Illustration of the components required for corrosion to take place.1 
 
A metal can be protected from corrosion by covering it with a coating that isolates it from the 
environment, thus preventing its reaction with it. Figure 2 shows a metal being protected from 
corrosion by an intact paint film (coating) that prevents it from interacting with the environment 
(electrolyte). The metal will be protected for as long as the coating remains intact. The coating 
can be an applied paint or an oxide layer. When oxygen (O2) is present in the environment, such 
as the Earth’s atmosphere, metals react with it to form an oxide layer on the surface that may 
act as a coating to protect them from corrosion. Aluminum is a reactive amphoteric metal that 
spontaneously forms a thin but effective protective oxide layer, on contact with air, which 
prevents further oxidation. This oxide, unlike the oxide layers on many other metals, adheres 
strongly to the base metal. If damaged mechanically, the aluminum oxide layer repairs itself 
immediately. This layer is stable in the general pH range between 4 and 9.2, 3, 4 However, this 
oxide layer can breakdown in the presence of aggressive anions, such as the halide and 
perchlorate ions, resulting in the pitting corrosion of the aluminum. 
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Figure 2. Illustration of a metal covered with a coating for corrosion protection.1 
 
Space-age aluminum alloys are lightweight, durable, extraordinarily strong, and their 
corrosion resistance is very good in most terrestrial environments. However, it is not known how 
aluminum and its alloys interact with the Martian environment. The Curiosity mission is just the 
latest example of aluminum’s vital role in the development of modern aviation and humankind’s 
exploration of space. Chosen for its lightweight and ability to withstand the stresses that occur 
during ground and launch operations, aluminum has been used on Apollo spacecraft, the Sky-
lab, the Space Shuttles, and the International Space Station. Aluminum alloys consistently 
outperform other metals in areas such as mechanical stability, thermal management, and 
reduced weight. One example is AA7075-T7351 which is the aluminum alloy used to make the 
thin-walled rigid wheel on the Mars Science Laboratory (MSL). Figure 3 shows one of the six 
flight wheels of Curiosity.5, 6 Each wheel tire was machined from a single block of aluminum. It is 
50 centimeters in diameter and 40 centimeters wide. It has grousers (treads) that protrude 7.5 
millimeters from the wheel skin. Grousers are spaced 15 degrees apart. Unlike Spirit and 
Opportunity, the grousers are not straight; they have chevron features designed to prevent 
sideways slip. The skin of the wheel is 0.75 millimeters thick, the absolute thinnest that could be 
machined. The grousers provide structural strength; the skin is for floating the rover atop loose 
sand. There is a slight crown to the wheel to make it more robust to the moment of touchdown 
on Mars. There is a vertical rim on each edge of the wheel, for structural strength. There is 
another, double rim located about one-third of the way into the tire, the structural stiffener to 
which the wheel flexures (spokes) are attached. One section of the tire has a set of odometry 
marker holes drilled into it, which provide a way for the rover's navigational software to measure 
its driving progress across soft surfaces by photographing the tracks. For fun, these holes spell 
out "J P L" in Morse code. The wheel is hard anodized, a process used to increase the 
thickness of the natural oxide layer on the surface of the metal, for greater strength and 
improved corrosion resistance in terrestrial environments. The Mars mission scheduled to 
launch in 2020 will use the same type of corrosion protection. This is understandable, given the 
fact that one of the most important factors in the design of the wheels is the mechanical strength 
required to transport heavy instruments across the rugged surface of Mars. The current state of 
the art (SOA), regarding the selection of materials for landed spacecraft for human surface 
operations on Mars, is to assume that their corrosion behavior on Mars will be the same as that 
on Earth. 
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The need to investigate the corrosion behavior of materials, relevant to Mars exploration, was 
first suggested on a report from a workshop, sponsored by NASA Human Exploration and 
Operations Mission Directorate and by NASA Planetary Protection Office, on “Planetary 
Protection Knowledge Gaps for Human Extraterrestrial Missions,” conducted at NASA Ames 
Research Center, March 24-26, 2015, Moffett Field, CA. The report cites, as other areas of 
critical research: 7 “those that include environment characterization and definition (properties of 
dust and dirt, dust storms, etc.) as well as efforts to develop suitable Mars simulants based on 
scientific understanding of regolith conditions (even if there is no Mars sample return in advance 
of a human mission). Attention should also focus on the use of additives to trace possible 
backward contamination, as well as chemical additives to understand materials degradation due 
to toxicity and corrosion.” The need to investigate the corrosion behavior of materials, relevant 
to Mars exploration, was also suggested, as a low priority objective, by the Mars Exploration 
Program Analysis Group (MEPAG) as Investigation B7.1:8 “Analyze regolith and surface aeolian 
fines (dust), with a priority placed on the characterization of the electrical and thermal 
conductivity, triboelectric and photoemission properties, and chemistry (especially chemistry of 
relevance to predicting corrosion effects), of samples of regolith from a depth as large as might 
be affected by human surface operations.” 
 
 
 
Figure 3. Curiosity’s wheel made from a single piece of machined aluminum alloy AA7075-
T7351. The main rim is 1.9 cm thick (0.75-inches). NASA / JPL / Emily Lakdawalla. 
 
Since the publication of the first evidence of liquid water on present-day Mars by Martin-
Torres et al.,9 according to Curiosity data, and the corroboration of the presence of brines by 
Ojha et al.,10 a new frontier of scientific challenges has emerged, such as the corrosive 
interaction between brines (electrolytes) and spacecraft materials in the Mars environment.11 
The hydrated salts present in the brines would lower the freezing point, just as salt on roads 
here on Earth causes ice and snow to melt more rapidly. The hydrated salts, most consistent 
with the chemical signatures analyzed by Ojha et al.,10 are likely a mixture of magnesium 
perchlorate (Mg(ClO4)2), magnesium chlorate (Mg(ClO3)2), and sodium perchlorate (NaClO4). 
Some perchlorates (salts that contain the ClO4- anion) have been shown to keep liquids from 
freezing, even when conditions are as cold as minus 70oC (203K). 
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Perchlorates have previously been seen on Mars. NASA's Phoenix lander and Curiosity 
rover both found them in the planet's soil, and some scientists believe that the Viking missions 
in the 1970s measured signatures of these salts. However, the study of recurring slope lineae 
(RSL) detected perchlorates, now in hydrated form, in areas different from those explored by the 
landers. This also is the first time that perchlorates have been identified from orbit. It should be 
mentioned that other researchers12 have suggested that a dry avalanche process can explain 
the formation of the RSL on Mars, without requiring liquid water or CO2 frost activity. On Earth, 
naturally produced perchlorates are concentrated in desserts, and some types of perchlorates 
are used as rocket propellant. 
 
The goal of this research was to investigate the effect of the Mars environment on 
spacecraft materials, by conducting a literature search of available data relevant to corrosion in 
the Mars environment.  
Background 
Mars is often called the red planet. The reddish color of the Martian surface is due to the 
high iron oxide (Fe2O3), also known as iron(III) oxide or hematite, content in its regolith. Iron(III) 
oxide (rust) is formed when iron metal becomes oxidized in the presence of O2. This process is 
also known as corrosion. The quest to find life on Mars, by searching for organic compounds, 
the building blocks of life on Earth, and microbial life in the regolith, has generated a great deal 
of data relevant to corrosion on Mars. 
 
Missions to Mars look for evidence of organic molecules using thermal extraction techniques 
that involve heating soil samples to 392 degrees Fahrenheit (200 oC). The perchlorate salts in 
the samples break down during this heating, releasing O2 that causes the combustion of organic 
molecules to form carbon dioxide (CO2). There is evidence that this process is what caused the 
decomposition of organic molecules during the Viking biology experiments.13,14 This reactivity 
was attributed to the possible formation of superoxide radical ions (O2-•) in the Mars 
environment, under ultra violet (UV) radiation,15 or to the activation of an oxidizing agent, such 
as perchlorate (ClO4-), under radiation by gamma rays. R. C. Quinn et al. showed that the 
release of trapped O2 from radiation-exposed perchlorate salts and the reaction of hypochlorite 
(ClO-) with amino acids, that were added to the Martian soils, can explain the results of the 
Viking biology experiments. They concluded that neither hydrogen peroxide nor superoxide is 
required to explain the results of the Viking biology experiments.16 
 
Despite the overwhelming evidence that oxidation of materials is unavoidable on Mars, 
corrosion of materials has not been a major concern for Mars Missions, due to its arid 
atmosphere and the lack of evidence of liquid water. The recent discovery of perchlorates in the 
equatorial Gale Crater, in addition to the Phoenix lander finding it in the Martian arctic, supports 
the widespread presence of perchlorates on the surface of Mars.17 Perchlorate and chlorate 
(ClO3-) species have also been found in a Martian meteorite.18 Its role in lowering the freezing 
temperature of water in the Martian soil supports the presence of transient liquid water on 
Mars.10 This new found evidence of liquid brines coincided with the surprisingly significant 
damage observed on Curiosity's wheels (Figure 4 and Figure 5). Soon after its landing, 
disturbing cracks started to appear on some of them. This was surprising, given that the design 
was similar to that of the Mars Exploration Rovers (MER’s), Spirit and Opportunity, which never 
showed such a wear and tear when experiencing the same mean pressure (i.e. platform weight 
over wheel area in contact with a flat terrain). It has been hypothesized that, the daily contact of 
the wheels with the corrosive perchlorate solutions during every night, may have weakened the 
scratched surface of the anodized aluminum, making it more susceptible to damage against 
sharp rocks. Rover engineers concluded that the damage was caused exclusively by 
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mechanical forces. Although the large cracks in the wheel are likely caused by mechanical 
damage, there is a pattern of distributed sub-millimeter sized blisters, in the vertical wall of the 
T-print of the wheels, that cannot be attributed to rock scratching. This pattern resembles 
aluminum alloy pitting corrosion, as shown on the image taken by the ChemCam remote 
microscopic-imager on sol 502 (Figure 5). A team of researchers9 has suggested that, given the 
strong oxidizing character of perchlorate anions and their byproducts, the damage that cannot 
be attributed to rock scratching may be caused by corrosive interactions of brines with the 
aluminum alloy wheel.19 Any Martian surface Cl--containing deliquescent brine would be 
expected to be very corrosive. In particular, for the Martian deliquescent brines, the Cl- 
concentration in the Ca- and Mg-perchlorate eutectic mixtures are factors of 420 and 246 
greater, respectively than a diluted copper(II) chloride (CuCl2) solution (10 mM), which has been 
reported to cause 10-50 µm-sized blisters with copper (Cu) deposits produced after aluminum 
pitting corrosion, similar to those circled in red in Figure 5, within 10 minutes.20 The anodizing 
process increases the thickness of the natural oxide layer on the aluminum wheels, but the 
abrasion can wear out the external protecting layer and expose the bare aluminum metal to 
corrosion. The presence of chloride and perchlorate anions in brines may add stress to the 
aluminum wheels through pitting corrosion. Thus, it can be hypothesized that the presence of 
corrosive chloride-containing brines on Mars should have implications on spacecraft design for 
human surface operations in support of long duration exploration missions. Considering that the 
overall environment of Mars is more oxidizing than that of Earth, the potential challenge of metal 
corrosion and materials degradation should not be ignored. 
 
 
Figure 4. Curiosity's wheels showing signs of severe damage after almost 10 km of traverse. 
 
The components of the Martian environment that is relevant to corrosion include: the 
composition and conditions of the atmosphere, soil composition and chemistry, radiation 
conditions, and the presence of transient liquid brines. The corrosion resistance of aluminum 
alloys in the Earth’s atmosphere depends on their ability to form a protective surface oxide 
layer. If the same alloys will be used under Martian conditions, it is important to understand their 
interaction with the Martian environment and to find out if a protective layer will form when the 
original oxide layer is damaged, as it happens here on Earth. It is also important to characterize 
the layer and its properties. Furthermore, it can be expected that the presence of corrosive 
brines on Mars should have significant implications on the selection of materials for spacecraft 
and structures, built to support long-term surface operations for the human exploration of Mars. 
 
The question of whether or not an aluminum alloy will form an oxide protective layer, when 
its surface is scratched, under simulated Martian atmospheric conditions, was addressed in a 
previous investigation in which preliminary experiments were designed to study the interaction 
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between a sample of aluminum alloy AA7075-T73, scribed in situ, and three different 
atmospheric environments, relevant to Mars, at room temperature (20oC): Earth’s atmosphere at 
100 kPa (1 bar), pure carbon dioxide gas (CO2) at 700 Pa (7 mbar), and Mars gas at 7 mbar. 
This pressure was selected because the average pressure on Mars is roughly 7.5 mbars.21 
Table 1 shows the composition of the Mars gas and that of the Earth’s atmosphere. 
 
Table 1. Composition of Earth’s atmosphere and Mars Gas21, 22 
 Nitrogen Oxygen Argon CO2 Carbon Monoxide (CO) 
Earth’s atmosphere (%) 78 21 0.90 0.04 - 
Mars gas (%) 2.70 0.100 1.59 95.5 0.100 
 
 
The most important finding of our preliminary experiments was the significant role of the 
small amount of oxygen present (0.13%) in the Mars gas. X-ray photoelectron spectroscopy 
(XPS) results showed that the oxygen in the Mars Gas reacted with the aluminum in the 
scratched area to form a layer of aluminum oxide and that this oxide layer prevented the 
interaction between the aluminum and the carbon dioxide present (95.5%). When the aluminum 
alloy was scribed under a 100% CO2 atmosphere at 20oC and a pressure of 700 Pa, only a 
weak interaction between the aluminum in the scribe and the CO2 was observed. Unfortunately, 
follow on funding was not available to continue the experimental work to investigate the 
interaction between the aluminum alloy and other components of the Mars environment relevant 
to corrosion.  
 
Figure 5. Curiosity's ChemCam images of a damaged area of the rover’s middle right-wheel. 
The image shows not only a large crack in the wheel (area inside blue rectangle on left image) 
but some sub-millimeter-sized blisters in the vertical wall of the T-print of the wheels (circled in 
red on the middle and right images) which cannot be attributed to rock scratching. It has been 
suggested that the blisters are caused by the corrosive interaction between transient brines and 
the aluminum alloy. 
 
A recent study, performed under a NASA Innovation Award at NASA Marshall Space Flight 
Center (MSFC) by Z.S Courtright, looked at the effects of a simulated Mars Atmosphere 
(without the effects of pressure or gravitational effects) on arc welding of Ti-6Al-4V and 
AA2219-T87 and found slight variations, such an increase in tensile strength and hardness 
for the simulated Martian welds.23 These results support the importance of testing materials 
in the environment in which they are going to be used. 
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Available Data Relevant to Corrosion on Mars 
The quest to find life on Mars has generated a great deal of data relevant to corrosion on 
Mars. Results from experiments designed to look for life have indicated that Mars’ surface is 
lifeless and depleted of organics at the parts-per-billion levels. These results have been 
explained by the presence of oxidizing agents on the surface of Mars. These oxidizing agents 
also can cause corrosion of materials on Mars. One of the most significant recent findings, that 
is relevant to corrosion, is the existence of transient liquid water and water activity at Gale crater 
on Mars (the exploration zone of NASA’s Curiosity rover) reported by a team lead by F. Javier 
Martin-Torres.9 Their observations support the formation of night-time transient liquid brines in 
the uppermost 5 centimeters of the subsurface that then evaporates after sunrise. There is an 
active exchange of water at the atmosphere/soil interface which is the area that would come in 
contact with landed spacecraft and structures built to support surface operations on Mars.24. 
The research team expects that liquid brines are abundant beyond equatorial regions where 
atmospheric humidity is higher and temperatures are lower. As it was suggested in a recent 
publication,11 the presence of transient liquid brines has significant implications for spacecraft 
design and surface operations, given the potential for corrosive interactions between the brines 
and spacecraft materials. 
 
Sample Analysis at Mars (SAM),25 and Dynamic Albedo of Neutrons (DAN)26 instruments, 
over the course of a full Martian year (1.88 Earth years), has provided the largest environmental 
data set ever recorded in-situ on Mars. This data is relevant to study the interaction between 
spacecraft materials and the Mars environment. 
 
Brines on Mars 
 
Brines on Mars are produced under specific environmental conditions in the daily capture 
(and release) of atmospheric water vapor by deliquescent salts that exist at the surface of Mars, 
such as chlorides and perchlorates.27 The perchlorates found in situ are likely calcium 
perchlorate (Ca(ClO4)2) as detected by Curiosity at Gale28 and magnesium ((Mg(ClO4)2) (or 
sodium perchlorates (NaClO4)) as observed at the Phoenix polar landing site.29 Reanalysis of 
Viking data suggested that perchlorates could have been present there as well.30 Chloride is 
distributed globally on Mars as detected by the Mars Odyssey Gamma Ray Spectrometer 
(GRS).31, 32 Oxygen was one of the most abundant gases released during thermal analysis of 
materials at Curiosity’s Rocknest site. Its release was correlated with the release of chlorinated 
hydrocarbons.33. This O2/Cl correlation makes a strong case for the presence of chlorine in the 
form of perchlorates. The suggestion that the presence of chloride and perchlorate anions in 
brines may cause pitting corrosion on Curiosity’s wheels and future Martian exploration 
platforms9 is worth of further investigation. 
 
Perchlorates 
 
Perchlorate is a negative ion (anion) with a charge of -1 where 4 oxygen atoms are bound to 
a central chlorine atom in a tetrahedral geometry (Figure 6). The oxidation state of the central 
chlorine atom is +7, which is its highest oxidation state. This means that perchlorate has a high 
oxidation character because it can accept up to 7 electrons from other chemical species that will 
become oxidized in the process. They are powerful oxidants when heated, but are stable at 
room and lower temperatures. In biology, the high oxidation state of perchlorates means that 
they can be used as an electron acceptor by microorganisms to provide energy for growth. Early 
interest in the chemistry of perchlorates here on Earth was primarily motivated by their 
application as powerful oxidants in fireworks, military ordinance, flares, and in solid rocket fuel. 
These applications resulted in the presence of perchlorate as a contaminant in ground and 
9 
drinking water. This prompted research efforts aimed at the elimination of perchlorate as a 
contaminant. One of the main health hazards with perchlorate is that it interferes with iodide 
uptake in the thyroid gland. Perchlorates contamination is due to the improper disposal of solid 
salts of ammonium, potassium, or sodium perchlorate. These salts are very soluble in water and 
the perchlorate is kinetically inert to reduction (by accepting electrons). Although perchlorate is a 
powerful oxidizing agent when heated, its notorious lack of reactivity at room and lower 
temperatures can be understood from the requirement that reduction involves oxygen atom 
transfer. Because perchlorate is relatively unreactive, remediation schemes involving direct 
chemical or electrochemical reduction are not effective. There are biological systems (bacteria) 
that naturally reduce and degrade perchlorate. There is a renewed research interest on 
perchlorate as a result of its presence in the Martian environment. 
 
Compounds that contain perchlorate include the oxidant in solid rocket fuel (ammonium 
perchlorate (NH4ClO4)) as well as that in fireworks, military ordinance, flares, airbags, and other 
applications, where an energetic oxidant is required. Ammonium perchlorate is among the most 
important propellants because it has a high oxygen content and decomposes into the gaseous 
phase products water, hydrochloric acid (HCI), nitrogen (N2), and oxygen leaving no residue. 
Salts of perchlorate do not function well in solid-fueled rockets after the salts adsorb too much 
water, and improper disposal has led to environmental contamination. A great deal of research 
efforts have been dedicated to its removal.34  
 
 
Figure 6. Structural formula and bond length of perchlorate anion. 
 
Even though perchlorate contains a highly oxidized central halogen atom, it exhibits low 
reactivity as an oxidant.35 The low reactivity is a matter of its kinetic rather than thermodynamic 
stability. The rate at which a reaction takes place (kinetics) is determined by the activation 
energy, EA, temperature, and other parameters that are constant for a given reaction. The 
activation energy (Figure 7) is dependent on the mechanism by which a reaction takes place. 
For example, a catalyst causes a reaction to take place faster by lowering the activation energy. 
Given thermodynamics alone, we would expect perchlorate to be reduced to chloride and 
oxidize water to oxygen. Spontaneous reactions are those that will take place by themselves 
given enough time. Spontaneity refers to the direction in which the reaction will take place but it 
is not an indication of how fast the change will take place. The rate at which chemical reactions 
take place is governed by the kinetics of the reaction. The low reactivity of perchlorate is 
dominated largely by its kinetics.29 The activation energy of ammonium perchlorate is 123.8 
kJ/mol below 240°C, 79.1 kJ/mol above 240°C, and 307.1 kJ/mol between 400 and 440°C.36 
The decomposition of perchlorates is usually initiated using a high temperature source, such as 
a glow wire, to overcome the kinetic barrier (EA). Once decomposition of some perchlorate 
molecules is initiated, the resulting reaction produces a large amount of heat. Between 200 and 
300°C, ammonium perchlorate undergoes an autocatalytic decomposition.37 At about 400°C, 
ammonium perchlorate decomposes very fast and suddenly explodes. The reactivity is a 
function of the reaction pathway. Different reaction pathways for perchlorates would have 
different barriers from that of the thermal decomposition discussed above. 
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The overall reaction for the reduction of ClO4– to Cl– and the oxidation of water to O2 is 
relevant to corrosion in the Mars environment since a major oxygen release, between 300 and 
500°C, was detected by the Mars Curiosity rover Sample Analysis at Mars (SAM) instrument at 
the Rocknest eolian deposit. Thermal decomposition of perchlorate salts in the Rocknest 
samples is a possible explanation for this evolved oxygen release.17, 38 
 
 
Figure 7. Activation energy, EA, of a thermodynamically spontaneous chemical reaction 
 
Aluminum corrosion and perchlorate 
 
It is important for this project to consider how perchlorate affects the oxidation reaction of 
aluminum. Aluminum is a strong reducing agent with a standard reduction potential E°(Al3+/Al) = 
−1.662 V. ΔE for the oxidation of aluminum by perchlorate is obtained by adding the oxidation 
potential of aluminum, E°(Al/Al3+) = 1.662 V, to the reduction potential of perchlorate, E°(ClO4–
/Cl-) = 1.287 V , to obtain a ΔE° value of 2.949 V for the overall reaction (1): 
 
8Al + 3 ClO4– + 24H+ → 8Al3+ + 3Cl– + 12H2O ΔE° = 2.949 V    (1) 
 
This means that this reaction is thermodynamically favorable (spontaneous). However, 
aluminum metal is invariably passivated by a dense aluminum oxide film, a few nanometers 
thick, which can serve as a protective barrier for aluminum to react as a reducing agent. The 
oxide film can form instantly on the aluminum surface when exposed to air and/or water. The 
dense oxide film is, however, not a hurdle for employing aluminum as a reducing agent at high 
temperatures but it is a barrier for employing aluminum as a reducing agent in wet-chemical 
synthesis. This prompts the question: What is the passivation mechanism of aluminum under 
Martian conditions where there is only 0.13% of oxygen in the atmosphere compared to 20% 
here on Earth? Results from preliminary experiments, designed to answer this question, showed 
that AA7075-T73 aluminum alloy forms an oxide layer when scribed in situ under a Mars gas 
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atmosphere at 20oC and a pressure of 700 Pa. This was surprising given the small amount of 
oxygen (0.100%) gas, compared to the large amount of CO2 gas (95.5%), present in the Mars 
gas.21 
 
Perchlorate is present on Earth primarily as a contaminant in the environment (groundwater 
and drinking water). Perchlorates commonly originate as a contaminant from the disposal of 
solid salts such as ammonium perchlorate. These salts are very soluble in water and kinetically 
inert, at ambient temperatures, to reduction due to the high activation energy involved. 
However, the kinetic barrier can be lowered, as it happens when aluminum reacts rapidly with 
ammonium perchlorate, as shown in reaction (2). In this reaction, aluminum is oxidized to 
aluminum oxide (Al2O3) and perchlorate is reduced to Cl-. This reaction is used in rockets (such 
as solid rocket boosters), explosives, pyrotechnics, flares, and ammunition. 
 
10 Al + 6 NH4ClO4 → 4 Al2O3 + 2 AlCl3 + 12 H2O + 3 N2    (2) 
 
The solid rocket boosters on NASA’s Space Shuttle used approximately two million pounds 
of solid fuel per launch. The mixture contained 70% ammonium perchlorate, 16% aluminum, 
and 14% of an organic polymer.39 Several microorganisms on Earth are known to harvest 
energy by anaerobic reduction of the perchlorate molecule.40 
 
Aggressive anions, such as the halides, especially the chloride ions, are known to induce 
breakdown of the protective passive film on aluminum by a localized attack (pitting).41, 42, 43, 44, 45, 
46, 47 There have been extensive investigations on the role of chloride ions in the breakdown of 
the passive film, repassivation, and initiation of localized corrosion of aluminum and high-
strength aluminum-based alloys. This is understandable since aluminum and its alloys are often 
used in environments where chloride is present. One example is the exposure of aircraft to 
marine environments, where there is a high content of chloride ions. There is some evidence 
from the literature that supports the occurrence of pitting corrosion on the surface of some 
metals as a result of passivity breakdown by perchlorate ions.48, 49, 50 A literature survey showed 
that there have been a few published results concerning pitting corrosion of aluminum alloys in 
perchlorate solution. J. L. Trompette51 et al. studied the influence of the anion specificity on the 
electrochemical corrosion of two types of anodized aluminum substrates, a porous-type and a 
barrier-type. They found that in the case of Cl−, Br−, ClO4−, and NO3− anions, a great number of 
small pits covering the surface are observed. M. A. Amin et al.52 investigated the influence of 
various concentrations of perchlorate ion on the pitting corrosion of aluminum and aluminum-
copper alloys in neutral sulfate solutions at 25 oC. They measured the pitting corrosion 
susceptibility of pure aluminum and two aluminum-copper alloys, namely (Al + 2.5 wt% Cu) and 
(Al + 2.5 wt% Cu) alloys in 1.0M Na2SO4 solutions, free from and containing various 
concentrations of perchlorate ions, using potentiodynamic polarization, cyclic voltammetry and 
chronoamperometric techniques, and concluded that the rate of pitting initiation increases with 
increasing perchlorate concentration. They also concluded that the density of pits decreases 
with increasing %Cu in the aluminum samples. These findings suggest that it is important to 
investigate the corrosion behavior of aluminum alloys and other metals, used for spacecraft and 
structures to support long-term surface operations on Mars, under laboratory conditions that 
simulate the Mars environment, including the presence of perchlorates in the regolith. 
 
Perchlorates and Martian Conditions 
 
Perchlorate is widespread in Martian soils at concentrations between 0.5 and 1%.53 Turner 
et al.54 cited concentrations between 0.4-0.6 wt% discovered at the north polar landing site of 
the Phoenix spacecraft and at the southern equatorial landing site of the Curiosity rover. At such 
concentrations, perchlorate could be an important source of oxygen, but it could also become a 
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critical chemical hazard to astronauts and cause corrosion on landed spacecraft and ground 
support equipment. The amount of perchlorate in the surface regolith of Mars is significant 
compared to that in soils on Earth, where typical concentrations are lower (0.03 to 0.6 wt %)55, 56 
than on Mars. 
 
Since its discovery on Mars, perchlorate has become a focus of research interest due to its 
possible role in destroying organics in the thermal stage of analytical instruments sent to Mars 
to detect them. Quinn et al.16 and Navarro-Gonzalez et al.30 have shown that ionizing radiation 
decomposes perchlorate resulting in the formation of hypochlorite (ClO−), other lower oxidation 
state oxychlorine species and production of O2 gas that remains trapped in the salt crystal. They 
suggested that ionization processing of perchlorate alone can explain the Viking Labeled 
Release (LR) and Gas Exchange Experiment (GEX) results. Turner et al.54 conducted 
laboratory experiments to explore the temperature-dependent decomposition mechanisms of 
hydrated perchlorates, namely magnesium perchlorate hexahydrate (Mg(ClO4)2·6H2O), and to 
provide yields of the oxygen-bearing species formed in these processes at Mars-relevant 
surface temperatures from -108 to 37oC (165 to 310K) in the presence of galactic cosmic-ray 
particles (GCRs). Their experiments revealed that the response of the perchlorates to the 
energetic electrons is dictated by the destruction of the perchlorate ion and the inherent 
formation of chlorates (ClO3-) plus atomic oxygen (O). Isotopic substitution experiments 
revealed that the oxygen is released solely from the perchlorate ion and not from the water of 
hydration (H2O). The atomic oxygen recombines to molecular oxygen (O2) within the 
perchlorates, with the overall yield of molecular oxygen increasing as the temperature drops 
from -13 to -113oC (260 to 160K). Perchlorate could also lead to transient, metastable brines by 
way of deliquescence, even under current climate conditions,57 and therefore plays a role in the 
meagre hydrological cycle on Mars. Deliquescence is the process of absorption of water vapor 
by salts, leading to the formation of a saturated aqueous solution. In addition, perchlorate can 
be used as a terminal electron acceptor by a variety of prokaryotes,58,59 which has potential 
implications for habitability of Martian soils. Davila et al.53 reported that, although perchlorate is 
the only Cl-oxyanion that has been found on Mars, studies on Earth show that perchlorate co-
occurs with chlorate (ClO3-) in all environments, often at equimolar concentrations. In addition, 
ionizing radiation can decompose perchlorate into other reactive Cl-oxyanions such as chlorite 
(ClO2-) and hypochlorite (ClO-).13 These more reactive species can cause corrosion of metallic 
components used on astronaut suits, instruments, landed spacecraft, and surface operations 
equipment. 
 
Clays were detected on Mars by the Mars Express Orbiter,60,61 with an abundance of 4–5 wt 
% in the regolith, calculated from the Thermal Emission Spectrometer data of the Mars 
Exploration Rovers.62 Curiosity analyzed mudstone samples in Gale Crater, which showed the 
presence of clays in this region.63 Clays could be widespread on the planet and in some regions 
hidden under a layer of volcanic residue. Clays themselves are not oxidants, but they can 
catalyze oxidation reactions likely to take place in the regolith. 
 
Since the detection of perchlorates on Mars,17 several studies have been aimed at 
understanding their effects on the habitability of the planet. The recent work of J. Wadsworth 
and C.S. Cockell64 showed the significant bactericidal effects of UV-irradiated perchlorate on life 
at ambient temperatures and under Martian conditions. This finding is relevant to corrosion 
since it showed that, when irradiated with a simulated Martian UV-flux, perchlorate is more 
reactive at ambient temperatures and ambient conditions. The study also showed that two other 
components of the Martian surface, iron oxides and hydrogen peroxide, act in synergy with 
perchlorates to cause a 10.8-fold increase in cell death when compared to cells exposed to UV 
radiation after 60 seconds of exposure. The mechanism of perchlorate action on cells is likely to 
be its degradation to deleterious reactive oxygen species, such as hypochlorite (ClO-), 
commonly known as chlorine bleach, and chlorite (ClO2-). Similar photoproducts have been 
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previously observed in perchlorate irradiated with ionizing radiation.16,65 C.D. Georgiou et al.66 
reported that γ -radiolyzed perchlorate-containing Mars soil salt analogues (in a CO2 
atmosphere) generate, upon H2O wetting, the superoxide radical (O2-•), hydrogen peroxide 
(H2O2), and hydroxyl radicals (OH•). This study also validated that analogue radiolysis forms 
oxychlorine species that, in turn, can UV-photolyze to OH• upon UV photolysis. Additionally, UV 
photolysis of the perchlorate γ-radiolysis product chlorite (ClO2-) generated the oxychlorine 
products trihalide (Cl3-), chlorine dioxide free radical (ClO2•), and hypochlorite (ClO-), with the 
formation of •OH by UV photolysis of ClO-. Figure 8 shows the standard reduction potentials of 
different oxychlorine species in acidic and basic conditions, with the oxidation number of Cl 
shown at the top for each species. 
 
 
Figure 8. Standard reduction potential of oxychlorine species67 
 
A resent review paper by Lasne et al. 68 provides an excellent summary of the oxidants 
detected or proposed to be present at the surface of Mars (Table 2) in light of recent exploration 
results. These findings suggest the importance of conducting experiments to investigate the 
combined effects of Martian soil simulant, activated by surface photochemistry, as well as the 
influence of clays as catalysts, on materials relevant to long-duration surface operations on 
Mars. 
 
Table 2. Oxidants Detected or Suggested to Be Present on Mars68 
Group Oxidant Detected or 
Suggested 
Origin 
Perchlorate 
salt 
ClO4- Detected18,29 Produced in the atmosphere 
Produced by UV irradiation 
of chlorine-bearing minerals 
 
Iron-bearing 
species 
Fe2O3 
 
Detected*,69,70 
 
Thermodynamically stable 
on Mars’ surface 
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FeO42- 
 
 
Clays 
Suggested71 
 
 
Suggested**72 
Minor phase 
(thermodynamically 
unstable) 
Alteration of silicates in 
presence of water 
Reactive 
oxygenated 
species 
Peroxide or superoxide 
species 
 
Superoxide radical ion (O2-•) 
Suggested14,73,74,75 
 
 
Suggested15,58,76,77 
Detection of species that 
could form superoxides or 
peroxides 
Formed in the presence of 
oxygen and UV radiation 
Formed with H2O2 
H2O2 H2O2 in the atmosphere 
 
 
H2O2 in the regolith 
Detected78,79 
 
 
Suggested80,81,82,83 
Produced photochemically 
and during dust devils and 
storms 
Diffusion of H2O2 formed in 
the atmosphere 
Produced by interaction 
between minerals and water 
 
*The Fe2O3 group includes hematite and maghemite; only hematite has been detected at the 
surface of Mars. 
** The clays studied to explain the Viking results were enriched with iron; the presence of 
this type of clay on Mars has not been confirmed yet. 
 
Materials Behavior in the Mars Environment 
 
There have been previous efforts directed towards developing an electrochemical sensor to 
analyze the corrosive nature of the brine present under the surface of Mars.84 These efforts 
were based on discussions, among planetary scientists in the early 2000s, that the subsurface 
of Mars is a brine-like mixture (many years before the evidence of their existence was 
published).9,10 Based upon these suppositions, it was anticipated that the sensor would be 
integrated into an advanced electronic tongue85 that would be incorporated into a subsurface 
explorer being developed at NASA/JPL at that time. The electrochemical sensor consisted of a 
series of anodic materials, and a single cathodic metal (zinc) in a configuration to be exposed to 
various electrolytes (shown on the left picture of Figure 9). Two deposition chambers were 
fabricated for use with the ceramic substrates. The open sample chamber was designed to test 
the functionality of the device with soil samples. The fluidics chamber was fabricated for use 
with aqueous samples (shown on the right picture of Figure 9). 
 
The electrochemical sensor was designed to analyze the brine present on the surface of 
Mars. The sensor was capable of standard electrochemical investigations which included cyclic 
voltammetry and anodic stripping voltammetry. In addition, a galvanic cell array was used to 
investigate the corrosivity of solutions. Unfortunately, the advanced electronic tongue was not 
included in the instrumentation that was selected as a Phoenix payload.  
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(a) 
 
 
 
(b) 
  
Figure 9. (a)Top-side of 3.3-cm diameter ceramic substrate showing individual sensor 
components. (b) Soil chamber with 3.3 cm diameter ceramic substrate inside (left) and fluidics 
chamber (right). 
 
The wet chemistry laboratory (WCL) onboard Phoenix provided the first wet chemical 
measurements of soluble species in the Martian soil.86 One of the most significant discoveries 
made by Phoenix was the high concentration of perchlorate in all three of the soil samples 
analyzed, roughly equivalent to about 0.6 wt%. Currently on Mars, the rover Curiosity (also 
known as the MSL is refining our understanding of the Martian surface.87 Although there are 
several complex science instruments aboard the rover, there are no electrochemical sensors. 
 
The Mars 2020 mission will address high-priority science goals for Mars exploration, 
including key questions about the potential for life on Mars. The mission takes the next step by 
not only seeking signs of habitable conditions on Mars in the ancient past, but also searching for 
signs of past microbial life itself. The Mars 2020 rover introduces a drill that can collect core 
samples of the most promising rocks and soils and set them aside in a "cache" on the surface of 
Mars. A future mission could potentially return these samples to Earth. That would help 
scientists study the samples in laboratories with special room-sized equipment that would be too 
large to take to Mars. The mission also provides opportunities to gather knowledge and 
demonstrate technologies that address the challenges of future human expeditions to Mars. 
These include testing a method for producing oxygen from the Martian atmosphere, identifying 
other resources (such as subsurface water), improving landing techniques, and characterizing 
weather, dust, and other potential environmental conditions that could affect future astronauts 
living and working on Mars.88 The European Space Agency’s ExoMars rover, also slated for a 
2020 launch, will be outfitted with a drill designed to sample geology at depths of up to two 
meters. It includes an infrared spectrometer to characterize the mineralogy in the borehole. 
Once collected, a sample is delivered to the rover’s analytical laboratory, which will perform 
mineralogical and chemistry determination investigations. Of special interest is the identification 
of organic substances. The rover is expected to travel several kilometers during its mission.89 
 
The mission is timed for a launch opportunity in July/August 2020 when Earth and Mars are 
in good positions relative to each other for landing on Mars. That is, it takes less power to travel 
to Mars at this time, compared to other times when Earth and Mars are in different positions in 
their orbits. To keep mission costs and risks as low as possible, the Mars 2020 design is based 
on NASA's successful Mars Science Laboratory mission architecture, including its Curiosity 
rover and proven landing system. 
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Although the current rover on Mars, Curiosity, does not have electrochemical sensors, it has 
captured images that can provide a visual indication of the interaction between materials and 
the Mars environment. A relevant example is shown in Figure 10.90  
 
 
Figure 10. Four different photos of the 1909 VDB Lincoln Cent on Mars rover Curiosity. VDB 
are the initials of Victor David Brenner who designed the coin. The first photo was taken on 
Earth in August 2011. Subsequent photos were taken on Mars on September 9, 2012, October 
2nd, 2013, and on November 15, 2013. Image credit: NASA, JPL-Caltech, MSSS. 
 
The photos show the Lincoln cent that is attached to a calibration target used by the rover’s 
camera known as the Mars Hand Lens Imager, or MAHLI (Figure 11). Curiosity was launched 
on Nov. 26, 2011 to search areas of Mars for past or present conditions favorable for life, and 
conditions capable of preserving a record of life. The rover landed on the planet on Aug. 6, 
2012. It has been surveying a small portion of the planet ever since. This is the first time that a 
coin has been subjected to the conditions of another planet while being monitored. The only 
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change that can be visually observed on the pictures is the accumulation of Martian dust, which 
is interesting because the coin is mounted on a vertical position. Although the Lincoln cent is 
being used as a calibration target by the rover’s camera, the photos appear to show no visual 
signs of corrosion of copper. 
 
 
Figure 11. This image shows NASA's Mars rover Curiosity with an inset showing the 
calibration targets, including a 1909 Lincoln penny, at the end if its robotic arm. 
 
Figure 12 shows a set of U.S. pennies, selected at random from a household coin jar, to 
show signs of corrosion. The pennies at the bottom (dated from 1999 to 2017) show very little or 
no visible signs of corrosion. The pennies at the top are dull and covered by corrosion products. 
Although the cause of corrosion is unknown, because the pennies were not subjected to a 
controlled experiment, it can be hypothesized that the pennies at the top were exposed to more 
corrosive environments than those at the bottom. When copper is exposed to air, its shiny 
copper color will transition to dull brown. At a later stage, the formation of copper sulfate, 
carbonate, and chloride salts, in varying concentrations will turn the surface green. This process 
is influenced by many factors such as: moisture, temperature, and the environment to which the 
metal has been exposed to.  
 
 
Figure 12. U.S. pennies selected at random from a household jar of coins to show different 
states of corrosion: the pennies at the bottom (left to right) date from 1999, 2005, 2006, 2011, 
2014, 2015, and 2017; the pennies at the top are corroded and only the second penny from the 
left has a visible date (1984). 
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The penny shown on Figure 10 shows no sign of corrosion. This is not surprising given that 
the penny has been exposed to the Martian atmosphere which contains only minor amounts of 
water (210 ppm).91 
 
Chemical Weathering Rate Derived from Meteorites 
 
Meteorites can be used to obtain information about their environment. Some meteorites are 
mostly iron like the “Egg Rock” meteorite found by Curiosity (Figure 13).92 
 
 
Figure 13. The dark, golf-ball-size object in this composite, colorized view from the 
ChemCam instrument on NASA's Curiosity Mars rover is a nickel-iron meteorite, as confirmed 
by analysis using laser pulses from ChemCam on Oct. 30, 2016. The grid of bright spots on the 
rock resulted from the laser pulses. Credit: NASA/JPL 
 
The study of iron meteorites found by spacecraft exploring Mars such as the Mars 
Exploration rovers Spirit and Opportunity, as well as the MSL or Curiosity rover, can provide 
information on how the exposure to the Martian environment has affected them. Iron meteorites, 
like the one shown in Figure 13, will weather or oxidize as a result of their interaction with the 
environment. Scientists have used chemical analysis results gathered by the rovers to obtain an 
estimate for the rate of oxidation of the iron. C. Schroder et al.93 used the oxidation of iron in 
stony meteorites, investigated by the Mars Exploration rover Opportunity at Meridiani Planum, to 
estimate the chemical rate of oxidation and concluded that the chemical weathering rates were 
about 1 to 4 orders of magnitude slower than that of similar meteorites found in Antarctica 
where the slowest rates are observed on Earth. The authors of the study suggest that the 
extremely slow weathering of meteorites, which contain metallic iron as a phase very sensitive 
towards chemical alteration or corrosion, is not a threat over the lifetime of a spacecraft and that 
the Opportunity rover is testament to that, showing no signs of corrosion after more than 12 
years of operating on Mars (April 2016), in contrast to the concern expressed by Martin Torres 
et al. about the corrosive effects of chlorine-containing brines on spacecraft.11 
 
Electrochemical Corrosion of Minerals in Martian Rocks 
 
In 2018,94 the Curiosity rover (Figure 14) found evidence for abundant organic compounds in 
the ancient mudstone rocks in Gale Crater on Mars. These carbon molecules ranged from 
simple to fairly complex, but their actual origin was still un-known. They could be created by 
19 
abiotic processes (without life). Or they could be the molecular remains of once-living 
organisms. A new study95 has shown one possible way that these or similar organics might 
have been created on Mars. The researchers studied organics found in three Martian meteorites 
– Tissint, Nakhla, and NWA 1950 – and compared them to the organics discovered by Curiosity. 
They found that both sets of organic carbon were quite similar, suggesting a possible similar 
origin and hypothesized that interactions among spinel-group minerals, sulfides, and a brine 
enable the electrochemical reduction of aqueous CO2 to organic molecules.  
Figure 14. NASA’s Curiosity rover found organic carbon compounds in ancient mudstones, 
similar to ones previously discovered in Martian meteorites. Credit: NASA/GSFC. 
 
Figure 15. A high-resolution transmission electron micrograph (scale 50nm), from a 
transmission electron microscope, of a grain from the Martian meteorite Nakhla. The organic 
carbon layers are found between the intact “tines.” This texture is created when the volcanic 
minerals of the Martian rock interact with a salty brine and become the anode and cathode of a 
naturally occurring galvanic cell in a corrosion reaction. This reaction would then have enough 
energy – under certain conditions – to synthesize organic carbon. Image credit: Andrew 
Steele/Science Advances.94 
 
The discovery that natural systems can essentially form a small galvanic cell that drives 
electrochemical reactions between minerals and surrounding liquid brine has implications that 
need to be considered when selecting materials, relevant to surface operations on Mars. Like 
minerals, metallic materials, such as aluminum alloys, can react with the brines and degrade 
(corrode) in the process. 
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Summary 
 
Our extensive literature search on the available data relevant to Mars corrosion, or the lack 
thereof, confirmed the need for further investigation of the interaction between materials, used 
for spacecraft and structures to support long-term surface operations on Mars, and the Mars 
environment, as it was first suggested by F.J. Martin-Torres et al. and recommended in the 
“Mars Science Goals, Objectives, Investigations, and Priorities: 2015 Version,” prepared by the 
Mars Exploration Program Analysis Group (MEPAG) Goals Committee. 
 
The quest for life on Mars has been to “follow the water.” Water is critical for life as we know 
it and it is also critical for corrosion, given that an aqueous electrolyte solution is one of the 
requirements for corrosion to occur. It is important to note that a great deal of the data relevant 
to corrosion on Mars is available from investigations aimed at explaining the results obtained 
from experiments that were designed to look for evidence of life on Mars. Oxidants were 
hypothesized as being responsible for the lack of organics found by the Viking mission which 
reached Mars in 1976. The presence of perchlorates in Mars regolith was identified by NASA’s 
Phoenix Lander in 2009, and demonstrated as a component of transient liquid brines on 
September 2015. These findings are relevant to corrosion since oxidants can corrode materials 
and transient liquid brines can serve as the electrolyte solution that supports corrosion. 
Furthermore, the finding by J. Wadsworth and C. S. Cockell in 2017 that perchlorates become 
more bactericidal when irradiated with simulated Martian UV flux, and that other components of 
the Martian surface act in synergy with the irradiated perchlorates, has implications for the 
corrosive interaction between materials and the brines that are worth of investigation. It is well 
known that perchlorates here on Earth are powerful oxidants at high temperatures but stable at 
room and lower temperatures. However, it is not known how perchlorates interact with materials 
when they are activated by high energy radiation as it exists on Mars. 
 
Our simple preliminary experiments, designed to look at the interaction between spacecraft 
AA7075-T73 aluminum alloy and the gases present in the Mars atmosphere, at 20oC and a 
pressure of 700 Pa, showed that there is an interaction between the small amount of oxygen 
present in the Mars gas and the aluminum alloy. Further studies are needed to consider other 
important components and conditions of the Mars environment that can affect this interaction 
such as: the presence of brines that can act as an electrolyte, the effect of radiation on the 
oxidizing properties of perchlorates, the possible catalytic effects of the clays present in the 
Martian regolith, as well as the temperature and pressure conditions. 
 
To understand the corrosion mechanisms on Mars, the interaction between materials and 
the Martian environment should be studied under simulated Martians conditions that include: 
Martian atmospheric conditions, soil chemistry, radiation, and exposure to brine water. 
 
The goal of the recommended work would be: 
 
(1) To gain a further understanding of the corrosion behavior of spacecraft materials on 
Mars by investigating the effect of each Martian environment parameter (individually and in 
combination) on their corrosion-relevant properties. 
(2) Evaluate the corrosion behavior of selected candidate materials, with different surface 
corrosion protection treatments, from several candidate aerospace alloys under simulated 
Martian conditions. These materials should include aluminum alloys, stainless steels, and 
titanium. 
(3) Make recommendations on corrosion resistant materials and surface treatments to 
enable long-term surface operations in support of human exploration missions in the Martian 
environment. 
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